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We have measured the photoelectron spectra of the multiple-decker 1:1 sandwich cluste(€Ofga (n

= 1-4; COT= 1,3,5,7-cyclooctatetraene), synthesized in the gas phase, and studied theoretically the bonding
scheme, charge distribution, valence orbital energies, and photodetachment energies. We calculated the ground
electronic state X and the first excited electronic state Aboth of which have strong ionic bonding and a
characteristic charge distribution. Moreover, we found that the valence orbital energies of Eu (6s) and COT
(Ls) depend strongly on cluster size and their positions in the clusters. With the calculated vertical detachment
energies for these valence orbitals, we assigned the peaks in the experimental photoelectron spectra and analyzed
the origin of their interesting behavior by employing simpleint charge modelsFrom these analyses, it
became clear that the characteristic behavior of the spectra is due to the strong ionic bonding and the charge
distribution. In addition, using the point charge models, we estimated the vertical detachment energies of the
one-dimensional polymer [Eu(COT)].

1. Introduction using molecular beam deflection experiments in an inhomoge-
neous electric field and theoretical calculatidh$? They
reported that the V(Bz)sandwich cluster has no dipole moment
because of its symmetrical structure. They also reported that
the one-end open sandwich cluster of V(Bz), somewhat curi-
ously, has a negligible dipole moment. It is reasonable, however,

oxidat_ion or reduction of _the products. Moreover, considerable_ if the dominantly prepared stable structure is weakly bound by
experimental and theoretical efforts have recently revealed their, long-range van der Waals force and, thus, has no charge

characteristic physical and chemical properties, which have bee”polarization in the cluster. Recently, Miyajima et al. measured
anticipated for the application to new nanostructured materials. i, magnetic moments of \Bz).1 by a molecular beam
In this regard, our group has reported the preparation of multiple- magnetic deflection method with a SterGerlach magnet and

decker sandwich clusters, in which metal atoms and organic ¢, 4 4 monotonic increase of the magnetic moment with the
ligands are alternately stacked one-dimensiorfallypical cluster sizé3

examples for the sandwich clusters are combinations of vana- Over the past half a century, a lot of studies have been

ﬂﬁtmhag\i/éea(tl?:)]zg:nds g ﬁgzceré?oc()izgte?rgfﬁgIfgo?r';dmg]giﬁlg conducted in the condensed phase organometallic chemistry with
y ‘rare earth metals, as reviewed, for example, by Schumann et

In the case of the ¥Bz sandwich clusters, many experi- 514 particularly, the complex of Ln and COT was first isolated
mental and theoretical studies in the past decade have clanfledby Hayes and Thomas in 1969Since then, there have been

their geometric and electronic structufe3® For instance, we many studies of their synthes;1® geometric structure, and
have studied the bonding scheme and ionization energies both.pemical propertie¥-24 Their bonding scheme has been
experimentally and theoretically and have made it clear that recognized as fairly ionic, and their maximum size has been

Vn(B2)+1 have covalent bonding due to the charge-transfer yenoted as several layers. On the other hand, there have been
interaction between the Bz lowest unoccupied molecular orbitals only a limited number of theoretical works concerning-Ln

(LUMOs) and the d orbitals of V. This builds up the one-  coT complexes. Dolg and co-workers investigated the geo-
dimensional quasi-band structré. Following these earlier metric and electronic structures of the Ln(C@Thn = Ce

studies, Pandey and co-workers performed density functional g Th. and Yb), which are the smallest unit of {GOT),
theory (DFT) calculations for the neutral and anion-Bz — ganqgwich cluster® 28 They reported that Ln(COFhaveDsn
clusters and obtained the electron affinities, ionization energies, symmetry and, as a first approximation, consist o¥Lpositive
and ground-state spin multipliciti€s® Broyer and co-workers central metal i,ons pinched with two C,G)T rings.

determined the permanent dipole moment of Vegad V(B2) It is only recently that gas-phase experimental works have

- ~_been performed on -ACOT complexes with the laser vapor-
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The advent of the laser vaporization synthesis method in the
198042 and the successive development of the technique
during the last 10 yeat$§ have enabled us to generate various
kinds of novel clusters without environmental factors such as
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spectroscopy?3° On the basis of the experimental results and maximum at a 1-eV electron energy. The energy of the
the theoretically predicted charge distribution of Ln(C@They photoelectron was calibrated by measuring the photoelectron
suggested that the L{COT), sandwich clusters also have a spectra of Au.36 The laser power for photodetachment was in
strong ionic bonding owing to the electron transfer from Ln to the range of 3-5 mJ/cn?, and the spectrum shape exhibited no
COT. Miyajima et al. also discussed the charge distribution of laser-power-dependent processes.

Ln—COT clusters by a chemical probe method with Na atoms

as electron donor®. Recently, our group has succeeded in 3. Computational Method

synthe_3|2|ng Iarger E.UCOT sandwich CIL_JSterS’ ”a”_‘ed_ as All the DFT calculations were carried out with the B3LYP
sandwich nanowires, in the gas phase using a combination 0ffunctional§7 built in the Gaussian 98 program packdge.

Ilaser \gapc:rtizati%n techrr‘l_iqu:es ar|1.d .rtnc:}:icular be?m melz’ods. Throughout this paper, bond lengths are given in angstroms (A)
&;_?n rasd O.\'ﬁ Z)m W Ich was |m|fe odsevgat?] ayerf, u and energies are given in electronvolts (eV). A molecular axis
. sanawich -nanowires were formed with up 1o one- (z axis) is defined as a line passing through Eu and the center
d|menS|onaI 18 Igyer_s (abqut .8 nm overall length) which of gravity of the COT ligand. The eight molecular orbitals
stlmulat_ed theoretical investigation. ) . on a COT ligand are denoted, based on their symmetries, as
In thls work, we report a cpmblned expgrlmental and nondegenerate ... doubly degenerate 4. Ly, and L,; and
theoretical study on the geometric and electronic structures OfnondegenerateyLtherefore, the valence electronic configura-
one-end open 1:1 sandv_wch clusters of@OT), (n= 1-4), tions of CO®~ and COT are L2L,ALs* and L2L,4 43
because they are considered to be important intermediates inespectively. The geometric structure of the aromatic ground-
the sequential formation step of the largerELOT sandwich state COT is Dg,. For COT, the minimum energy structure
nanowires and their photoelectron spectra show a characteristiq,55 peen reported &, with alternating G-C bond lengthg?4°
dependence on the cluster sidn addition, such a study is  \/ajence electronic configurations of the ground states f Eu
essential to understand the properties of the larger cluster andg - and Eu are f 47765, and 476<, respectively, in which
other Ln(COT)n compounds. _ the 4f electrons always have a half-filled shell structure with a
In section 2, we describe experimental methods for photo- ¢grelike character.
e_Iectron spectroscopy, and in section 3, we describe computa- ag reported previousl§®3° the charge distribution for the
tional details. In section 4, we first present the experimental g,—cOT clusters consists of Bt cations and COT anions.
photoelectron spectra which show interesting cluster size on the basis of the above-mentioned configurations of Eu, which
dependencies. Next, we theoretically give optimized geometrieshaye a corelike character of ’4fand the charge distribution
and their charge distribution for two different electronic states, model of EW(COT),, we applied three different combinations
and discuss the characteristic behavior of valence orbital energiesyf pasis sets and effective core potentials (ECPs): 4f CORE-
of the Eu and COT portions which exhibit strong dependency A 4f CORE-B, and 4f VALENCE. In 4f CORE-A, we chose
on the cluster size and the relative positions. We assign thehe 4f core ECP and (7s6p5d)/[5s4p3d] basis set of the Stuttgart/
experimental photoelectron spectra in comparison with the DFT Cologne grouftt for Eu and the D95 basis $&for COT. In 4f
calculations and also with the spectra ofB20T. Furthermore,  CORE-B, to see the effect of polarization and diffuse functions
we reveal the physical origin of the characteristic behavior of tor COT2-, the D95 basis was replaced by the 6+&(d) basis
the valence orbital energies with simgdeint charge models set®3 In 4f VALENCE, we employed the 4f valence ECP and

Using the point charge models, we easily estimate the vertical (12511p10d8f)/[5s5p4d3f] basis set of the Stuttgart/Cologne
detachment energies (VDEs) of the one-dimensional polymer group for Ed! and 6-31-G(d) for COT.

[Eu(COT)k . Finally, we depict one-dimensional potential
curves, based on the linear synchronous transit (LST) gaths, 4. Results and Discussions
to investigate the energetic relations among the anion and neutral

clusters. 4.1. Photoelectron SpectraWe have measured photoelectron

spectra of ER(COT),” (n = 1—4) to gain detailed information
about their electronic structure. Figures 1 and 2 show the spectra
with the third harmonic (355 nm; 3.49 eV) and the fifth
Details of the experimental setup were previously described harmonic (213 nm; 5.83 eV) of a Rtt YAG laser, respectively.
elsewheré? Briefly, Eu,(COT), complexes were synthesized In the spectra, the horizontal axis corresponds to the electron
via the gas-phase reaction between laser-vaporized Eu atom$inding energyFy, defined ass, = hv — Ei, whereEy is the
and COT molecules. After the growth of the cluster in a channel, kinetic energy of the photoelectron.
the neutral clusters of ECOT were photoionized with an ArF In Figure 1, we find two significant peaks: the first one shifts
excimer laser (6.42 eV) and were mass-analyzed with a to the higher energy side with the cluster size (M peak), and
reflectron time-of-flight (TOF) mass spectrometer. The photo- the second one is almost independent of the cluster size (C(1)
electron spectra of the B(COT), cluster anions were measured peak). In the spectra of = 2, we also observe the weak hot
using a magnetic bottle TOF photoelectron spectronféfEne band around the binding energy of 1.0 eV (H peak). In Figure
Eu(COT), clusters were generated by the laser vaporization 2, we observe successive peaks where the number of peaks
method mentioned above, and only the cluster anions wereincreases according to the cluster sizei@gak). To assign
accelerated to 1500 eV. After being decelerated, the mass-the photoelectron spectra and explain the physical origin of their
selected cluster anions were photodetached with the third characteristics, we will discuss the theoretical studies on
harmonic (355 nm; 3.49 eV) or the fifth harmonic (213 nm; geometric and electronic structures of \HLOT),” in the
5.83 eV) of a N&":YAG laser. When the photoelectron spectra following sections.
of barium (Ba)-COT cluster anions were measured to compare  4.2. Optimized Geometry, Charge Distribution, and Lo-
with those of Eu-COT, the same experimental procedures were calized Molecular Orbitals. Figure 3 shows the formal charge
applied using a Ba rod instead of an Eu rod. The photoelectron distribution, together with the optimized distances between the
signal was typically accumulated to 30 G880 000 shots. The  metal and the center of gravity of the COT carbon ring. The
energy resolution was typically about 50 meV full width at half- formal charges are easily determined by counting the number

2. Experimental Section
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Figure 1. Experimental photoelectron spectra for ()~ (n = 1—-4)
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Figure 2. Experimental photoelectron spectra for ()~ (n = 1—4)

at the photon energy of 355 nm (3.49 eV) and calculation results with at the photon energy of 213 nm (5.83 eV) and calculation results with
ADFT shown by vertical lines. Symbols M and C(1) represent the M vertical lines, which are obtained by Koopmans' theorem with the UHF
and C(1) peaks from the Xstate, and symbol H denotes the H peak orbital energies. Symbol §(stands for the detachment from each
from the A" state as described in section 4.3. The M peak shifts to the COT() in the X~ state as described in section 4.3. The number f C(
higher energy side with the cluster size, and the C(1) and H peaks arepeaks increases according with the cluster size.

almost independent of the cluster size.

of electrons among the valence orbitals, namely, the 6s gnd L Whererais about 2'4i2'6 andry is about 2.2. We assumed the
orbitals, because each orbital is well localized on Eu or COT, Polymer [Eu(COT)} takes a single set of the parameters in

as discussed later. In this figure, the black, dotted, and white
circles denote neutratiy1, and+2 charged metals, and dotted
and white plates denote-l and —2 charged COT ligands,
respectively. As lower-lying electronic states, we found two
different doublet states (with 4f core ECP), which we call the
X~ and A” states. The A state arises by a one-electron transfer
from the left-end COZ™ to the right-end Etiion in Figure 3a.

the X~ state,ry(X™) = 2.181 andry(X™) = 2.475, which are

the averaged values of those for 4. For the A" stater(A™)

= 2.454 and,(A~) = 2.220 were assumed in a similar manner.
In Table 1, we summarize the optimized-C bond distances

of the COT ligands in the X and A™ states to focus on the

geometry of each COT. Here, CAY(denotes thath COT

counted sequentially from the left in Figure 3 anditdénotes

Interestingly, our computational results showed that the exposedalso theith Eu from the left. Geometry optimizations for the

metal atom carried charges-fl and 0 in the X and A states,
respectively, and the COTligand was always the exposed
ligand in the A" state, as shown in Figure 3. Moreover, the A
state was an excited state, namely, higher than thetAte in
energy, in all the cluster sizes studied. Additional details will
be discussed in section 4.5.

The optimized distances between Eu and COT in Figure 3

X~ state with both 4f CORE-A and -B far = 1—3 and with

4f CORE-A forn = 4 yielded Cg, structures with all of the
C—C distances are about 1.42 A. For the Atate, the
optimizations led taC,, structures, in which only COT(1), with
the formal charge of-1, has a largely distorte@,, structure

due to the JahnTeller effect and has the two kinds of<C
distances of about 1.39 and 1.45 A, whose average value is

show a very small basis set dependency; namely, the maximumagain 1.42 A. We note that, as the position nuritiecreases,

deviation between CORE-A and CORE-B was about 0.03 A
for n = 1-3. The geometry optimization with 4f VALENCE
performed only fom = 1 shows a slightly larger deviation yet
less than 0.1 A in the distance between Eu and COT.

The geometries of the Xand A~ states are specified with
two kinds of distances, andry,, as shown in the lower part of
Figure 3.r, is the bond distance between ar?Eand the left-
hand neighboring COT, ang is the one between an Euand
the right-hand neighboring COT. It is interesting to point out
that in the X stater, < rp,, namely,ra,is about 2.12.2 andry
is about 2.4-2.6, while the opposite is true in the Astate,

the symmetry of COT} becomes closer tQs,, reflecting its
formal charge of-2. All of the C—H bond distances were 1.09

We also carried out the frequency analysis for each state of

n = 1—-3 with 4f CORE-A. Forn = 1 and 2, the optimized
geometries for the Xand A~ states were both stable structures.
Forn = 3, while the X state was stable, a doubly degenerate
imaginary frequency of 8.89 cnhwas obtained for the Astate
along a lateral motion from the axis. However, the energy
lowering from theC,, structure was only 0.26 cm; thus, we
used the geometries restricted to thg structure for the A
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Figure 3. Formal charge distribution and optimized geometry parameters (A) for thand A~ electronic states of( n)~ (n = 1—4) calculated

by three different treatments. For= 1—3, the optimized parameters of 4f CORE-A and -B are shown, and inside of parenthesis are the parameters

of 4f CORE-A. Forn = 4, optimization was carried out only with the 4f CORE-A. For the ahd A~ states ofn = 1, the optimized parameters
calculated by 4f VALENCE are also shown. The black, dotted, and white circles denote nedtralhd+2 charged metals and dotted and white
plates denote-1 and—2 charged COT ligands, respectively. Assumed geometric structures and their parameters foratiet X states of
[Eu(COT)].~ arera(X™) = 2.181,r,(X") = 2.475,r(A") = 2.454, and,(A~) = 2.220.

TABLE 1: Optimized C —C Bond Distances (A) of the COTs in the X and A~ StategP

(n,n)- 4f CORE COT(1) COT(2) COT(3) COT(4)
X~ State
1,1y A 1.430
B 1.420 (1.419)
@, 2y A 1.430 1.431
B 1.420 1.421
3,3y A 1.430 1.431 1.431
B 1.420 1.421 1.421
(4, 4y A 1.430 1.431 1.432 1.432
A- Staté
1 1y A 1.394 (1.454)
B 1.383 (1.444)
1.383 (1.444y
@ 2y A 1.397 (1.454) 1.427 (1.433)
B 1.386 (1.445) 1.417 (1.423)
(3,35 A 1.397 (1.455) 1.430 (1.433) 1.430 (1.431)
B 1.386 (1.446) 1.419 (1.423) 1.420 (1.421)
@, ay A 1.397 (1.455) 1.430 (1.433) 1.432 (1.432) 1.431 (1.431)

aForn = 1-3, the optimized distances are calculated by the 4f CORE-A and -B, and=fod, they are calculated only by the 4f CORE-A.
b COT() denotesth COT counted sequentially from the left in FigureT.he optimized distances are calculated by the 4f VALENEE.the A~
state, because of they, structure, two kinds of €C bond lengths are distinctively shown, the longer being in parentheses.

state ofn = 3 in the following calculations. Fon = 4, we

Mulliken charges, respectively. Similarly, formal charges-@f

performed the optimization only with 4f CORE-A, assuming and—1 of COT correspond te-1.0 and—0.6 of the Mulliken

the Cg, andCy, structures for the X and A" states, respectively.

charges, respectively. Moreover, we notice that this cor-

On the basis of these results, the optimized structures with 4f respondence always holds irrespective of the cluster size and

CORE-B, except fon = 4 for which the optimized structure is
with 4f CORE-A, will be used for the rest of discussion unless

otherwise stated.

To see the charge distribution, we compare the Mulliken
charge calculated by 4f CORE-A with the formal charge in
Figure 4. Here, we find that formal charges-62, +1, and 0O
of Eu correspond approximately to 0.8, 0.2, an@.4 of the

the electronic state. Although the formal charge in the point
charge models, to be discussed later, is different from the
Mulliken charge quantitatively, it reflects the qualitative ten-
dency of the charge distribution.

Last, in Figure 5, we present the KohBham orbitals of the
highest occupied molecular orbital (HOMO), the second and
the third HOMO ofn = 2 in the X state, plotted using the
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Figure 4. Mulliken population analysis with 4f CORE-A and formal
charge distribution for (a) Xand (b) A" states of i, n)~ (n = 1—4).

o

(a) HOMO

(b) 2nd HOMO

(c) 3rd HOMO

Figure 5. HOMO (a), second (b), third HOMOs (c) for the )étate
of (2, 2)". Each MO is essentially localized on the Eu atom and COT
ligands, respectively.

Molekel progrant* These orbitals are well localized on each

portion; namely, the HOMO is on Eu(2) and the second and
the third HOMO are on COT(1) and COT(2), respectively. Note
that the latter two orbitals have the satheymmetry. Interest-
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Figure 6. (a) Energy diagram of the valence orbitals (eV) and the
corresponding label for detachment peaks. All results are calculated
by the UHF method with 4f CORE-B and the optimized distances given
in Table 1 and Figure 3. (b) Label of each molecular orbital: 6s(X
A~) denotes the 6s orbital of the terminal Eu in the ahd A~ states,

and Ls expresses the one of each COT in thestate. COTi) denotes
theith COT counted sequentially from the left in this figure.

ingly, the HOMO is strongly polarized away from the surround-
ing COT2~ due to its repulsive interaction as also observed in
the monohalides of alkali earth and EhThese characteristics
were seen for all of the cluster sizesmof= 1—4, both for the
X~ and A" states. On the basis of the orbital localization and
ionic charge distribution of BCOT),™, we conclude that these
clusters have a strong ionic bonding.

4.3. Valence Orbital Energy and VDE. 4.3.1. Hartree-
Fock (HF) Orbital Energy.Before calculating the theoretical
VDE, we estimate the valence orbital energies to consider
possible detachment channels. For this purpose, the HF orbital
energies, which are easily related to VDE with Koompans’
theorem, are more meaningful than the Ket8ham orbital
energies. Thus, we first calculated the unrestricted Hartree-Fock
(UHF) orbital energies with 4f CORE-B and summarize their
valence orbital energies in Figure 6. Here, 65(4nd 6s(A)
denote each the 6s orbital of the terminal"Eand Eu in the
X~ and A” states, respectively, ang(COT()) denotes the L
orbital localized on each COil(in the X~ state, as shown in
Figure 6b.

We notice that the orbital energy of 6s(Xdecreases with
the cluster size; however, that of 6s(Ais almost constant. The
energy of Ly(COT(1)) is almost independent of the cluster size.
In addition, in a specific cluster sizg we find that the orbital
energy of each {COT()) shows a critical dependence on its
position in the clusters; namely, it becomes lower as it goes to
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TABLE 2: Comparison of the UHF Orbital Energies Then, we calculated the VDEs for these two channels using
Calculated by 4f CORE-B and 4f VALENCE for the X~ the more quantitativ DFT method, in which the VDEs were
State* evaluated from the difference in the DFT total energies of
1,1y 2,2y Eu,(COT),” and the corresponding one-electron detached
4f 4f 4f 4f neutral states at the anion equilibrium geometry. First, we
VALENCE CORE-B VALENCE CORE-B investigated the dependency of the calculated VDESs on the three
6s(1) —0.916 —-0.929 6s(2) —2.072 —2.003 Computational methOdS, 4f CORE-A and -B and 4f VALENCE.
Ls(COT(1)) —2.371 —2.501 Ls(COT(1)) —2.387 —2.443 We found that the differences between 4f CORE-A and 4f
LL(COT(1)) —7.494 —7587 Ly(COT(2)) —4.142 —4.257 CORE-B for the M and C(1) peaks of= 1—4 are less than
4f5(1) —9.516 (COT(1)) —7572 -7.581 0.1 eV, and those between 4f CORE-B and 4f VALENCE for
ﬁ"’g; :g'gig Z)(g)OT(Z)) :g'gig —9.436 the two peaks ofi = 1 are also less than 0.1 eV. Therefore, in
4&1) —9753 45(1) _9550 the following discussion, we only show the calculation results
4f,(1) —9.689 with 4f CORE-B.
4f5(1) —9.709 In Figures 1 and 2, we present the calculated VDEs with 4f
41o(2) ~11.089 CORE-B as solid sticks along with the experimental spectra.
4f5(2) —-11.109 O
41,(2) _11.198 The ca_IcuIatqu values for the two peaks M gnd C(1) in Figure
414(2) ~11.218 1 are in a fair agreement with the experiment at 355 nm.

a Calculations on the optimized geometry with 4f CORE-B are shown SpeCIflcglly, they reproduce the C.haracterlstlc beha\'/lor,. the first
in Table 1 and Figure 3.COT() and 4f{) denote orbitals on thith per?lk shifts to the hlgher_en_ergy side as the cluster size increases,
COT and Eu, respectively, counted sequentially from the left in Figure While the second peak is independent of the cluster size.

3. As for electron detachment from the excited Atate, two
detachment channels are also expected: first, from Gs(A
peak) and, second, from the C&Tligands. For each cluster
size, we obtained the calculated VDEs for the H peak near 0.9
eV and for the second peak near 3.0 eV. Because this second
peak of the A" state would overlap with the broad C(1) peak
of the X~ state, it is experimentally difficult to identify the
second peak distinctly from these two peaks. On the other hand,
the H peak can be observed clearly for cluster size2 as in
Figure 1. Although the H peak far = 1 might be overlapped
with the M peak, the weak peak near 0.9 eV can be assigned to
the detachment from 6s(A of the excited A state, and its
weak intensity reflects an evidence for the minor production of
the A~ state. In fact, the intensity ratio between the H and M
peaks depended on the source conditions such as stagnation
pressure for He carrier gas; the lower stagnation pressure gave
the H peak intensity stronger relative to that of the M peak.
Note that the H peak becomes prominent with cluster size, which
seemingly corresponds to the smaller energy difference between

pattern of 4f is significantly different from that of the 5f orbitals the X" and A states in larger clusters. This point will be

of actinocened’4° Because the 5f orbitals are more extensive JiSCUSSed further in section 4.5. _ )

than the 4f orbitals and their energies are higher than the HOMO ~ 4.3.3. Detachment from Each(COT(i)) Orbital. Next, we

(Ls) of COT, the interactions between the 5f orbitals and COT consider electron detachment from eagfi@OT()) in the X~

ligands are much stronger. On the other hand, because thestate (Ci) peak). We calculated the VDEs using the UHF orbital

compact 4f orbitals of Ln are lower in energy than that of the €nergies in Figure 6 and Koopmans’ theorem instead of the

inner orbitals of COT, the splitting energies are smaller, and ADFT method, because the latter method cannot yield excited

the splitting pattern is expected to depend strongly on their local States with the same symmetry as the lowest state due to the

charge. Although we did not perform any calculations with other convergence problem practically and the Hohenbétghn

spin multiplicities, because of the small splitting energies of theorem conceptually; namely, each state obtained by the

the 4f orbitals and the reasonable agreement in the other valencelectron detachment from thesg drbitals belongs to the same

orbital energies, we consider that the 4f shell can be treated assymmetry. We compared the results with the experimental

the core, unless the photodetachment of a 4f electron is explicitly SPectra taken with the photon energy of 213 nm (5.83 eV) in

examined. In that case, as we will see later, Koopmans’ theoremFigure 2. The calculation also reproduces the characteristic peaks

overestimates the VDE very much, and the DFT method qualitatively. The successive peaks whose number is equal to

including orbital relaxation effects shows much better perfor- that of the COTs can be assigned to detachment from each

mance. An interesting point to be added here is that the orbital Ls(COT()).

energies of 4f and L also depend on their positions in the 4.3.4. Detachment from 4f Orbitaldet us consider the

clusters. The reason for this dependence is similar to that of electron detachment from the 4f orbitals in the Xtate. We

Ls, which we will discuss in section 4.4. found a peak around 3.7 eV in the spectra of both 1 andn
4.3.2. Detachment from 6s()XA") and Ls(COT(1)).Having = 2 of Figure 2. (That fon = 2 appears as a shoulder.) Figure

investigated the valence and 4f orbital energies, we assigned7 shows the photoelectron spectrum for barium (BapT

the two detachment channels: first, the M peak to a detachmentcluster anions of BCOT),~ together with that for E{COT),~

from 6s(X") and, second, the C(1) peak to a detachment from at 213 nm. Because a Ba atom has an electron configuration of

Ls(COT(2)) as shown in Figures 1 and 6. [Xe]4f%s, it is expected that BaCOT forms an identical

the right (as the position numberincreases). In section 4.4,
we will reveal the origin of the characteristics of these valence
orbital energies.

Further, to investigate the 4f orbital energy and the depend-
ency on the ECPs, we calculated the UHF orbital energies for
the X~ state by using 4f VALENCE with the highest spin
multiplicities of 9 and 16 fon = 1 and 2, respectively. In Table
2, we summarize and compare the 6s, L,, and 4f orbital
energies calculated by 4f VALENCE and 4f CORE-B. Despite
the different ECPs and basis sets for Eu, we find that the 6s,
Ls, and L, orbital energies calculated with these two methods
are in agreement with each other within a maximum deviation
of 0.17 eV.

The orbital energies of 4f in Table 2 are much higher than
those of the bare Euand E@" cations due to the strong ligand
field by the surrounding COT ¢ Moreover, they split to one
4f, and doubly degenerate 4#fs, and 4§, components within
0.25 eV in theCg, structure. The magnitude of the splitting
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Figure 7. Photoelectron spectrum for REOT),~ together with that
for El(COT),~ at 213 nm. There is apparently an additional photo-
detachment contribution of 4f orbitals around-3%eV in the spectra
of Ew(COT),". The spectral envelopes in the 213-nm spectra were
deconvoluted into a set of component Gaussian functions. For
Ew(COT)~ at 213 nm, one additional peak appears at 3.71 eV as
labeled by a downward arrow.

sandwich cluster with EuCOT without 4f electrons, where a
Ba atom takes a Ba state in the clusters. In fact, the mass
distributions of anionic and neutral B&LOT were very similar

to those of Et-COT; the successive series af, o + 1), (n,

n), and (, n — 1) clusters for BaCOT appear prominentRf.

The abundance of BECOT)~ was too small to measure the
photoelectron spectrum. As expected from the identical ionic
distribution between EHCOT and Ba-COT, both give almost
the same EA and similar overall features as shown in Figure 7,
while there is apparently an additional photodetachment con-
tribution of 4f orbitals around 3:54.0 eV in the spectra of
Ew(COT), . To assign the position of the electronic transition

Takegami et al.

channel forn = 1 and 2, with an overestimation of about 0.6
eV, are reasonable within this calculation error. For more
detailed analyses, it would be necessary to calculate with other
theoretical methods. Although this remains as our future study,
the detachments from the 6s and CQWere not affected very
much by the explicit inclusion of 4f orbitals; therefore, we will
take a look at the characteristic behavior of these detachments
in the next section.

4.4. Point Charge Model.Using the HF orbital energies in
Figure 6, we noticed that Koopmans’ theorem is able to explain
the cluster size dependences of the Mi)CG{nd H peaks. The
variation of the HF orbital energies can be divided into kinetic
and potential energy parts. For the relevant valence orbitals,
we observed that the kinetic energies showed very weak cluster
size dependences, because each molecular orbital is largely
localized and does not change its shape significantly. It is,
therefore, considered that the origin of the variation of the orbital
energy is due to the potential part, especially the intracluster
electrostatic potential. Here, we have developed two point charge
models reflecting the strong ionic bonding of the ,&0T),
clusters. In a model, we explicitly treated only the electrons
belonging to a metal atom or COT ligand, from which
photodetachment takes place, and the remaining Eu metals and
COT ligands as point charges distributed as in Figure 3. Then,
we performed the DFT calculation for one Eu atom or one COT
molecule with the surrounding point charges with the CHARGE
keyword in the Gaussian program package and calculated VDEs
by theADFT method with thus calculated energies. This method
is referred to the “Point Chargeé DFT” method.

As another model, using the classical electrostatic formula,
we simply evaluated the electrostatic potentials which are created
by the surrounding point charg€y at ri, namely,

Vglass(r) = (1)

=l — ri|

clearly, the spectral envelopes in the 213-nm spectra were _ N _ o
deconvoluted into a set of component Gaussian functions asHere,r is a position vector at which the potential is evaluated
indicated by the curves in Figure 7. For /ZDOT),  at 213 and is the average position of the electron detaching from the
nm, one additional peak appears at 3.71 eV, as labeled by aorbitala. Forr;, we applied the optimized geometry shown in

downward arrow in Figure 7.

With the ADFT method, we calculated the final neutral states
with one hole in the 4{1) as the initial guess and obtained
VDEs forn = 1 and 2 as 4.256 and 4.313 eV, respectively.
Especially fom = 2, the converged hole state was not localized
in 4f(1) but delocalized in both 4f(1) and 4f(2). Therefore, the

Figure 3. The electron binding energy is the work to be done
on an electron to detach it to infinity. Therefore, the electrostatic
potential can be regarded as VDE, and this method is called as
the V&, method. In what follows, these two approximate
point charge models provide us with a simple and qualitative

explanation for the photoelectron spectra and reveal that the

experimental peak around 3.7 eV is due to a detachment channefharacteristic behavior of the M, §(and H peaks originates

from the delocalized 4f orbitals. Because the 4f orbitals are very

from the one-dimensional strong ionic bonding.

compact, the detachment of a 4f electron causes a very large 4.4.1. M Peak.The M peak was assigned to electron

shrinking of other outer orbitals and stabilizes the final neutral
state significantly. For this reason, the VDE calculated for the
detachment of a 4f electron withkDFT becomes much smaller
than that predicted with Koopmans’ theorem given in Table 2.
We note that this type of large orbital relaxation upon photo-
ionization from a compact-sized orbital was observed previously
in the (3d)~*ionization channel of \Bz,+1.” From these results,

it seems plausible to assign the peak around 3.7 eV to tHe 4f
channel, although the photoelectron spectrum for th¢@aT),~
cannot be measured.

The source of the difference (about 0.6 eV) between the
experimental and calculated VDEs for the %4fchannel is
attributable to the ECP or the DFT method, becauseMbET
method with the 4f VALENCE treatment overestimates the
ionization energies for the ¥ channel of the Etiand E@"
cations by about 1 eV. Therefore, tA®FT results for the 4f!

detachment from the 6s orbital of Ein the X~ state (6s(X)).
Therefore, we approximated the remaining?Eand CO®~
ligands by+2 and—2 point charges, respectively, and placed
them along thez axis using the optimized geometry, as shown
in Figure 3. Then, we employed the Point CharggeDFT

method. As for theVe:X) method, considering the spatial
extent of 6s(X) (Figure 5), we took a positionof the detaching
electron at 1.733 A outside that of Edor all n. This value of
1.733 A comes from the expectation value for the position
(orbital centroid) of the 6s(X) electron forn = 1.

In the upper part of Figure 8, we show the results obtained
by the two point charge models in comparison to other

calculation results and experiment. Note that we shift the

absolute value 0% to fit with the ADFT calculation value
atn = 1. Clearly, the point charge models reproduce other data

qualitatively despite their simplicity. Specifically, the asymptotic
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a“gned dlpoles Figure 9. Calculation results of the point charge models for the C(1)
Figure 8. (a) Calculation results of the point charge models for the M (a) and H (b) peaks ofn( n)~ (n = 1—4) in comparison with other
peak of @, n)~ (n = 1—4) in comparison with other calculations and calculations and experimental data.
experimental data. (b) Schematic diagram for the Coulombic interaction
between the detaching electron for the M peak and dipoles which align i, the A~ state (6s(A&)). Moreover, both peaks hardly shift on
one-dimensionally in the same direction. increasing the cluster size. In applying eq 1 to the C(1) peak,
we calculated the value at the center of the COT ring. As for
the H peak in the A state, a value of 0.844 A was used as the
position of the 6s(A) centroid. Figure 9 shows the calculated
results for the C(1) and H peaks in comparison to other data.
The two point charge models also give a qualitative explanation
O|for the size-independent behavior of the C(1) and H peaks.
Namely, the electrostatic potentials at the left-end COT(1) in

behavior of VDE is well reproduced. Therefore, we conclude
that the characteristic behavior of the M peak results from the
variation of the electrostatic potential felt by the detaching
electron induced by the surrounding®wand COP~ which
can be approximated as point charges.

Now, we consider the relation between the cluster size an
the variation of the electrostatic potential. As schematically = . -
shown in the lower part of Figure 8, viewing from Euthe _the X~ state and neutral I_Eu in the Astate are almost
increase of the cluster size corresponds to the attachment of gndependent of the cluster size.
pair of +2 and—2 point charges to the left side of the cluster: ~ For the C(1) peak, let us consider the relation between the
this pair is regarded as an electric dipole. The-BXDT cluster cluster size and the variation of the electrostatic potential in
has the one-dimensional structure so that the dipoles align one-view of the left-end COT(1) in the X state with looking at
dimensionally in the same direction on increasing the cluster Figure 3. In this case, the increase of the cluster size corresponds
size. Therefore, the increase of the cluster size can be regarded0 the change of the right-end Eto EL#* and the addition of
as the stacking of dipoles on the left side of the cluster. Each & pair of COF~ and Eu’: the attachment of a group of1,
dipole stabilizes the detaching electron inEoy an energy ~ —2, and+1 point charges to the right side of the cluster.
that is inversely proportional to the square of the distance Because this group is regarded as an electric quadruple, the
between the detaching electron and the attached dipole. Thestabilization energy is inversely proportional to the third power
sum of such stabilization energies converges asymptotically to Of the distance between the detaching electron on COT(1) and
a constant value with. An asymptotic convergence is observed the quadruple. Namely, the electrostatic potential at the left-
as a characteristic behavior of the M peak and reflects the one-€nd COT(1) in the X state is almost independent of the cluster
dimensional ionic bonding structure of the JBDOT),™ clusters.  Size in contrast to that at the right-end E(M peak).

4.4.2. C(i) and H Peakdn a similar manner, we can apply As for the H peak, a similar explanation can be applied;
the point charge models to theilCénd H peaks. As mentioned  namely, viewing from the neutral Eu in the Atate, the increase
before, the C(1) peak is always assigned to the electron of the cluster size corresponds to the attachment of a group of
detachment from COT(1) in theXstate (Ly(COT(1)), and the —1, +2, and —1 point charges, which is approximated as a
H peak is assigned to the detachment from the neutrah)Eu( quadruple, to the left side of the cluster. Therefore, the cluster
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Figure 10. One-dimensional potential curves of the And A~ states along the LST path connecting the minimum structures of these two states
for, n =1, 2, and those for the X andAstates, fom = 1, 2.

size dependence of the C(1) and H peaks is much smaller than Similar point charge models have been used for the analyses

that of the M peak. of, for example, chemical shift in core ionization energies?
Next, we give a simple explanation for the strong position electron affinities and ionization energi¥$° solvent effect in
dependence in the orbital energies of CQBnd 4f() in the the condensed pha%g%” and so on. In these cases, the point

X~ state as shown in Figure 6 and Table 2. For example, in the charge models have been used mainly for analyzing the
(3, 3) cluster, the Is orbital energy of COT(2) is about 1.7 eV substituent effects. In this work, the variation of the intracluster
lower than that of COT(1), and that of COT(3) is about 1.1 eV electrostatic potential has been studied by increasing the cluster
lower than that of COT(2). Looking at Figure 3 and the lower size, and the characteristic behavior of the photodetachment
part of Figure 8, we notice that COT(3) is stabilized by two spectra has been analyzed. Similar phenomena are also expected
dipoles consisting of the combination of (COT{1)Eu(1yf") in other clusters with a strong ionic bonding, to which the point
and (COT(25~ Eu(2¢), while COT(2) is stabilized by only ~ charge models can be conveniently applied.
one dipole of (COT(®™ Eu(1}"). Therefore, the orbital energy 4.5. Relations among the X, A~, and X States.In this
becomes lower when going to the right because of more last section, we investigate the relative energies among the X
stabilization by dipole stackings. A similar explanation is A~, and neutral ground X states to consider the stability of the
applicable to other cluster sizes so that this gradient among theA~ state. Recently, several groups have suggested that a laser
orbital energies of COT) and 4ff) is also regarded as an vaporization or pulsed arc method generates clusters in meta-
interesting characteristic in the one-dimensional ionic bonding stable structure:58 Therefore, it is very interesting to look at
cluster. the energy and structure relations between theXd A- states

We should point out that, contrary to the tate, the theoretically. The adiabatic excitation energies fromtg A~
orbital energies of COTY in the A~ state do not show a clear of n = 1—4 were calculated as 1.569, 1.413, 1.384, and 1.382
stairs-like behavior in the cluster. This is possibly because the eV, respectively. To investigate possible relaxation mechanisms
A~ state does not show a clear dipole chain structure, namely,from the metastable Astate, we calculated one-dimensional
a significant bond alternation, as shown in Figure 3. potential energy curves for the“xand A~ states ofn = 1 and

On the basis of the above discussion, we estimated each VDE2, as shown in the upper part of Figure 10. Here the potential
for the polymer [Eu(COT)~ using the assumed geometric energy is relative to the minimum energy of the Xtate. R-

parameter(X~/A-)andrp(X~/A~) for the X~ and A™ states, min @nd Ry—min represent the optimized nuclear structure for the
respectively, in section 4.2 and Figure 3. In the calculation, we X~ and A” states, respectively. The reaction path is an artificial
first accumulated the variation of each VDE fram= 4 ton = one on which all the structural parameters are assumed to change

o using eq 1 and, second, added the accumulated variation tolinearly from R¢min t0 Ramin USing the LST pat® in the

the experimental data of = 4. In this way, we extrapolated Cartesian coordinates and was calculated with 4f CORE-B.
each VDE empirically ton = « and obtained values of 2.894, Clearly, the A" state is higher in energy than the Xtate at all
2.449, and 0.972 (eV) for the M, C(1), and H peaks, respec- the coordinates.

tively. The VDE for the M peak showed a monotonic conver-  We also investigated the relative energy between thard
gence, and the difference in the VDE betweer 30 andn = the neutral X states along a similar artificial reaction path
oo was 0.096 eV. On the other hand, those for the C(1) and H between Rmin and Ry\-min and show the potential curves in the
peaks converged quickly at= 4. lower part of Figure 10. The neutral X state is the final state of
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the one-electron detachment from the terminaf Euthe X~ performed the DFT calculation with the 4f valence ECP and
state?® As for the A~ and X state potential curves nf= 1, we basis set. We assigned the peaksiecf 1 andn = 2 around
notice that the minimum energy of the /state is higher than 3.7 eV to the 4f! channel.
that of the X state and these potential curves show a crossing; With the point charge models, we were able to estimate the
therefore, there is a low barrier on the reaction path from A VDE for [Eu(COT)}L~ as 2.894, 2.449, and 0.972 (eV) for the
to X. A magnitude of the barrier is only about 600 thOn M, C(1), and H peaks, respectively. Such a polymer is interesting
the other hand, fon = 2, the minimum energy of the Astate as a one-dimensional conductor, because it would have stairs-
is lower than that of the X state and the reaction barrier from like orbital energies, and electrical conductivity may arise due
Ra~min t0 Rxmin is @about 1 eV which is much larger than that of to the positively charged soliton generated by electron detach-
n=1. ment from the deeperslorbitalsé! In addition, such polymers
From these calculation results, we can consider two possible may show the characteristic energy transfer behavior due to the
relaxation processes from the Atate: (i) radiative relaxation  dipole chaing$?-64

to the X~ state with fluorescence, A— X~ + hv, and (ii) Last, we summarized the energetic relations among the X
nonradiative autodetachment to the X state,A X + e". In A~, and X states using the LST paths and concluded that the
the A~ state, the electronic configurations of the COd@nd A~ state can be observed experimentally because of inefficient
neutral Eu metal portions aredL ,*L s® and 476, respectively, relaxation processes to the ground Xnd X states. We have
and those in the X state are 2L ,*Ls* and 4765, respectively, recently studied the ionization energies of the X state which

so that process (i) is equivalent to the one-electron transition also shows size dependence due to the strong ionic bonding
from the 6s to the ) orbital. Because these orbitals have and one-dimensional structute.
different symmetries of and with respect to the molecular For the \\-Bz cluster, we have previously found a significant
axis, thiso-to-o transition is forbidden. Therefore, the radiative cluster size dependence in the valence orbital energies, and their
relaxation process (i) cannot take place effectively. The processorigin was due to the delocalization of the drbitals of V
(i) can be considered as a simultaneous process consisting othrough the Bz LUMOs. In this study of EtCOT, we have
an electron transfer from 6s tqyland an electron detachment also found a similar size dependence; however, it was proved
from 6s. The theoretical estimate of such an autodetachmentto be due to the very strong intracluster electrostatic potential
lifetime is possible using, for example, the complex coordinate caused by the strong ionic bonding. All of the results indicate
methodi® but we can simply discuss the efficiency of the process that the unique electronic structure of JgEDOT),™ is due to
by comparing the potential curves alone. Note that the autode-the one-dimensional structure. In other words, the characteristic
tachment can take place only in the nuclear configurations wherefeature observed experimentally is a clear evidence of the one-
the A~ state is less stable than the X state. Therefore, from the dimensional strong ionic bonding of the clusters.
lower part of Figure 10, the autodetachment probability i
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